Elastic properties of carbon nanotubes and nanoropes are investigated using an empirical force-constant model. For single and multi-wall nanotubes the elastic moduli are shown to be insensitive to details of the structure such as the helicity, the tube radius and the number of layers. The tensile Young's modulus and the torsion shear modulus calculated are comparable to that of the diamond, while the the bulk modulus is smaller. Nanoropes composed of single-wall nanotubes possess the ideal elastic properties of high tensile elastic modulus, flexible, and light weight.
I. Introduction
The discoveries of carbon nanotubes 1 and the new efficient method of producing them 2 stimulate a great interest in these novel materials. The electronic 3 and magnetic properties 4 of nanotubes depend sensitively on the structural details such as the tube radius and the helicity. It has been speculated that nanotubes also posses novel mechanical properties.
Recent measurements have inferred a Young's modulus that is several times that of the diamond.
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The mechanical properties of small single-wall nanotubes have been studied by several groups using molecular dynamics simulations. 6,7 A Young's modulus several times greater than that of the diamond was predicted. However, those calculations were restricted to small single-wall nanotubes of fewÅ in radius. Most samples of nanotubes are either multi-wall or crystalline ropes of single-wall nanotubes.
A practical method of investigating elastic properties is to use the empirical forceconstant model. The phonon spectrum and elastic properties of the graphite has been successfully calculated using such models. 8 The similarity in local structure between the graphite and the nanotubes ensure that a similar model is applicable for nanotubes. The advantage of such a model is that it can be easily applied to nanotubes of different size, helicity, and number of layers. One such model has been used to predict the phonon spectrum of small single-wall nanotubes. 9 Here we present results of applying a similar model to calculate elastic properties of single and multi-wall nanotubes of various size and geometry, and that of crystalline nanoropes composed of single-wall nanotubes.
II. The Force-constant Model
In an empirical force-constant model, the atomic interactions near the equilibrium structure are approximated by the sum of pair-wise harmonic potentials between atoms. In the most successful model for the graphite, interactions up to fourth-neighbor in-plane and outof-plane interactions are included. 8 The force constants are empirical determined by fitting to measured elastic constants and phonon frequencies.
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The local structure of a nanotube layer can be constructed from the conformal mapping of the graphitic sheet on to a cylindrical surface. For a typical nanotube of few nm in radius, the curvature is small enough that one expects short-range atomic interactions to be very close to that in the graphite. Thus, we adopt the same parameters developed by Al-Jishi et al. 8 for graphite for intra-plane interactions in all nanotubes.
The different layers in a multi-wall nanotube are not well registered as they are in the single crystal graphite. Thus, one can not adopt the same set of parameters for the interlayer interactions. Instead, we model the interlayer interactions in nanotube by the summation of pair-wise van de Waals interactions, U(r) = 4ǫ ((σ/r) 12 − (σ/r) 6 )). Such a model has been used successfully to calculate the bulk properties of C 60 solid. 10 The van de Waals parameter σ = 3.4Å , ǫ = 12meV, were determined by fitting the interlayer distance and the elastic constant c 33 of the single crystal graphite.
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III. Single-Layer Nanotubes
Following the notation of White et al. 12 , each single-layer nanotube is indexed by a pair of integers (n 1 , n 2 ), corresponding to a lattice vector L = n 1 a 1 + n 2 a 2 on the graphite plane, where a 1 , a 2 are the graphite plane unit cell vectors. The structure of the nanotube is obtained by the conformal mapping of a graphite strip onto a cylindrical surface. The nanotube radius is given by R = a o 3(n
, where a o = 1.42Å is the C-C bond length.
In principle, force constants depend on the size of the nanotube as overlaps of π orbitals change with the nanotube curvature. 13 However, Such dependence is very weak. In this paper, we neglect this effect and concentrate on the dependence of elastic properties on the geometry and interlayer interactions.
The elastic constants are calculated from the second derivatives of the energy density with respect to various strains. 14 The tensile stiffness as measured by Young's modulus is defined as the stress/strain ratio when a material is axially strained. For most materials, the radial dimension is reduced when it is axially elongated. The ratio of the reduction in radial 3 dimension to the axial elongation defines the Poisson ratio ν. We first calculate the Poisson ratio by minimizing the strain energy with respect to both the radial compression and the axial extension. The Young's modulus Y is then calculated from the second derivative of the strain energy density with respect to the axial strain at the fixed ν. Examine the numbers in Table. 1 one concludes that: (1) Elastic moduli are insensitive to the size and the helicity. 
VI. Multi-wall Nanotubes
The interlayer distance in all experimentally observed multi-wall nanotubes is comparable to that in graphite. This puts a constrain on possible combinations of single-wall nanotubes to form multi-wall nanotubes. We have calculated elastic moduli for many different combinations. It is found that elastic properties are insensitive to different combinations as long as the constrain -interlayer distance ≈ 3.4Å -is satisfied. Because of this insensitivity we use results for one series of multi-wall nanotubes to illustrate our main points.
The series chosen is constructed from (5n, 5n), n = 1, 2, 3 · · · single-wall tubes. This is one of the most likely structure for multi-wall tubes as its interlayer distance is very close to 4 that actually observed. 
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V. Crystalline Nanoropes
The discovery of a new efficient method of producing bulk quantity of single-wall nanotubes has made it possible to make crystalline ropes of nanotubes. 2 These nanoropes consist of 100 to 500 single-wall nanotubes of uniform size. Due to the weak inter-tube interactions one expects these rope to be flexible in the basal plane, yet very stiff along the axial direction. We use same model described above to calculate the lattice constant and elastic moduli of these nanoropes. Table.3 For nanorope composed of the typical (10,10) tube, R = 6.78Å , a 0 = 16.8Å , E 0 = 23meV.
The cohesive energy of the rope is comparable to that of the C 60 solid (33mev).
From Table. 3 one observes that: (1) Nanorope is very anisotropic. (2) The basal plane is soft, while the axial direction is very stiff. (3) The C 33 is about half that of the diamond.
The weak inter-tube interaction ensures that the rope is flexible as individual tubes can rotate and slide with respect to each other easily. This is supported by the experimental SEM images where long nanoropes are observed to be well bended and tangled. 
